A compact apparatus for transferring nonvolatile particles into the gas phase and depositing them on a solid surface has been built and tested successfully. As initial experiment, solid caffeine with a vanishingly low vapor pressure has been dissolved in supercritical carbon dioxide, expanded into vacuum using a pulsed, supersonic molecular beam, and detected using a simple residual gas analyzer.
The transfer of nonvolatile or thermally unstable molecules into the gas phase is of utmost importance for a variety of applications such as analytical mass spectrometry, optical spectroscopy, or the epitaxial growth of thin films. Methods explored so far include laser desorption/ionization or matrix assisted laser desorption/ionization, 1-5 electrospray generation, 6, 7 and the expansion of supercritical solutions into a molecular beam. [8] [9] [10] [11] [12] [13] [14] In the latter approach the key idea is to dissolve the substance at high pressure, exploiting the supercritical fluid's solvent power, and precipitate it by expansion. The use of supercritical fluids as solvents offers various advantages: One is that a solvent such as carbon dioxide is compatible with hydrocarbon-free ultrahigh vacuum conditions. Another, that due to its high compressibility, the density and hence the solvent power of a supercritical fluid can be adjusted between gas-and liquid-like extremes with only moderate changes in pressure.
In laser spectroscopy supersonic gas expansions are of great help because the efficient cooling of the large number of internal degrees of freedom is essential to reduce the large population of excited states.
The experimental challenges of a pulsed supersonic expansion of supercritical solutions are a suitable valve to minimize the gas load and thus pumping requirements, and techniques to avoid clogging or freezing of the nozzle.
In this work we report the expansion of solid caffeine in supercritical CO 2 at temperatures of only 310-315 K, and accompanying detection using a quadrupole mass spectrometer. The high-pressure expansion is accomplished with a widely used, commercially available pulsed valve that has been adapted to the special conditions of high pressures and supercritical fluids. Pumping requirements are modest, allowing a compact setup.
The experimental setup consists of a temperaturecontrolled high-pressure cell, connected to a differentially pumped vacuum system with an on-axis quadrupole mass spectrometer via a pulsed valve, as depicted in Fig. 1 .
The pulsed valve is a commercially available model (General Valve 9-0500-906) with a conical orifice of 0.5 mm diameter. However, the originally supplied Teflon poppet is not suitable for high pressures and supercritical carbon dioxide and therefore has to be modified with respect to material and geometry.
The nozzle and reservoir can be heated up to 365 K with a thermocoax heater. Temperature is controlled using a simple on-off temperature controller with a NiCr-Ni thermocouple, giving an overall temperature homogeneity of ±3 K.
Gaseous CO 2 (57.3 bar vapor pressure at 293 K, 99.995% purity) is passed to the autoclave and the reservoir in which a few milligrams of the solid sample (anhydrous caffeine, Ͻ10 −8 mbar vapor pressure at 298 K, Ͼ99% purity, Fluka) is placed. Subsequently the autoclave is cooled down using a dewar vessel with liquid nitrogen, condensing CO 2 . After closing the valve to the CO 2 gas supply, the autoclave is heated thus increasing the pressure of carbon dioxide up to 200 bar. The pressure is measured using an industrial piezo-resistive stainless steel sensor (BDSensors DMP333) with 0.35% full scale accuracy.
At elevated temperatures sample molecules can be dissolved in supercritical CO 2 (critical pressure p c = 73.83 bar, critical temperature T c = 304.21 K) and carried to the pulsed valve for injection. Both the solvent and the solute are expanded into vacuum, forming a pulsed supersonic beam of CO 2 clusters and caffeine particles.
The two vacuum chambers are separated by a conical skimmer with a diameter of 5 mm, and pumped by diffusion pumps with 600 ls −1 pumping speed, resulting in a background pressure of 10 −6 mbar. The distance between the skimmer and the ionizer of the residual gas analyzer (Balzers Prisma QMS200) is Ӎ25 cm.
The mass analyzer is continuously sampling the two masses of CO 2 and C 8 H 10 N 4 O 2 , and a reference signal (not shown). Figure 2 demonstrates that caffeine and carbon dioxide molecules are ionized and detected in the molecular beam. Due to the late ionization of the molecular beam in the ion source of the quadrupole mass analyzer (by electrons with a kinetic energy of Ӎ70 eV) the weakly bound molecular clusters fragment, and only individual molecules are measured.
The peak shape of the caffeine signal closely matches the CO 2 signal, as is obvious from the comparison of two different opening times of the pulsed valve.
The ratio of the caffeine and the carbon dioxide ion currents, as derived from the baseline-corrected peak areas in a)
Author to whom correspondence should be addressed; electronic mail: christen@wolfgang-christen. Experimentally, under the chosen experimental conditions neither clogging nor freezing of the valve occurs; it is even possible to deposit visible amounts on a substrate that is brought into the beam, as depicted in Fig. 3 .
In summary, using a compact experimental setup permits the transfer of nonvolatile or thermally labile molecules, dissolved in a supercritical fluid, into the gas phase. This way it is possible to deposit visible amounts of the solute onto a solid surface, and to detect it using mass spectrometry. 
